Introduction
Epoxidized soybean oil (ESBO) is a vegetable oil widely used as plasticizer and/or stabilizer for poly(vinyl chloride) (PVC) formulations used in food contact materials (Lau et al. 2000; Duffy and Gibney 2007; Pedersen et al. 2008) . These formulations have shown some applications, such as gaskets of lids for glass jars or in domestic films where PVC usually contains 35-45 wt% of plasticizer (Fankhauser-Noti et al. 2005a; Pedersen et al. 2008) . ESBO, as well as some low molar mass plasticizers, such as acetyl tributyl citrate (ATBC), dioctyl adipate (DOA) or dibutyl sebacate (DBS), has grown during the last years as a valid alternative to phthalates, under discussion because of their potential toxicity to humans (Rhee et al. 2002) . ESBO shows relatively good compatibility with PVC, low toxicity to humans (BIBRA 1988; ECB 2000; EFSA 2004 ) and a biodegradable nature (Choi and Park 2004; Liu et al. 2006; Behera and Banthia 2008; Bouchareb and Benaniba 2008; Liu and Erhan 2008) However, its migration to foodstuff is still under study, in particular in high-fat foods (Fankhauser-Noti et al. 2005a; Grob and Marmiroli 2009) .
ESBO is listed as an authorized substance according to food packaging materials legislation (Pedersen et al. 2008; European Commission 2002) . The specific migration limit for ESBO is 60 mg kg -1 food simulant which corresponds to the overall migration limit (European Commission 2007) . In this regulation, the European Commission lowered the ESBO migration limit to 30 mg kg -1 for infant food, since the tolerable daily intake (TDI) for 1 mg kg -1 body weight was often exceeded (EFSA 2004; EFSA 2006) . Several analytical methods were reported for the analysis of ESBO in PVC gaskets and food. Castle et al. (1988a; 1988b) developed a specific method for analyzing ESBO in food that has been routinely used in further studies (EFSA 2004; Fankhauser-Noti et al. 2005a; Duffy and Gibney 2007) . In this method, standards prepared from a commercial ESBO solution and fat extracts obtained from food samples were first transmethylated and then derivatized to form 1,3-dioxolane groups of the ESBO fatty acids. Dioxolanes provide stability to the epoxidized compounds, allowing optimization of the gas chromatographic separation from fatty acid methyl esters and shifting the mass spectra to higher and more selective masses (Rothenbacher and Schwack 2007 ).
An internal standard (IS) was firstly epoxidized and fully derivatized in the same way as ESBO standards and it was used for quantification purposes. However, the synthesis of the IS was a long and complicated process involving a high number of analytical steps where the initial weight, epoxidation yield and purity of the product were not ensured (Fankhauser-Noti et al. 2005b ). The same authors proposed a method where after transterification of epoxidized triglycerides, the methyl esters of diepoxy linoleic acid and two internal standards were isolated by HPLC and further transferred to a GC equipped with an FID. Suman et al. (2005) developed a method for the analysis of ESBO in foodstuff based on reversed phase liquid chromatography interfaced with electrospray ion-trap tandem mass spectrometry (MS), which included a simple procedure for sample preparation with an extraction step and no further purification prior to the analysis. BiedermannBrem et al. (2007) developed a method without prior extraction, using a polar GC column and detection by FID or MS for samples with interfering components. The main drawback of this method was the use of MS in chemical ionization mode (positive and negative ion monitoring), that
is not commonly available in food control laboratories. Rothenbacher et al. (2007) developed a method for the analysis of ESBO in food by GC/MS and GC/MS/MS using a stable isotope dilution from synthesized ethyl 9,10,12,13-diepoxyoctadecanoate by following the epoxidation method already described by Castle et al. (1988a) . The aim of this work is to simplify these methods permitting easier and faster determinations of ESBO in PVC materials for food packaging. The work presents a modification of the method developed by Castle et al. (1988a; 1988b) where the use of IS would be unnecessary. Moreover, some changes in the experimental method (transmethylation and synthesis of 1,3-dioxolane derivatives) and optimization of chromatographic conditions are proposed resulting in a considerable reduction in analysis time. This method was validated including evaluation on detection and quantification limits, linearity, working range, precision, accuracy and selectivity.
Finally, migration studies were carried out by applying this modified method to PVC-ESBO samples in two different food simulants as well as to commercial lids from nine different food jars, including baby food. Migration analysis in real samples was also carried out and other plasticizers such as ATBC, DOA and DBS were determined.
Experimental

Chemicals
Commercial ESBO was supplied by Traquisa S.L. (Barcelona, Spain). ATBC, DOA and DBS were purchased from Sigma-Aldrich (Madrid, Spain). PVC resin Lacovyl PB1172H with k value 67.0 was purchased from Atofina UK Ltd. (Cheshire, United Kingdom).
All chemicals were analytical grade unless specified otherwise. Metallic sodium, methanol (GC grade), sodium chloride and absolute ethanol were purchased from Panreac (Barcelona, Spain).
Cyclopentanone, boron trifluoride etherate and n-hexane (GC grade) were supplied by Merck (Darmstadt, Germany). 2,2,4-Trimethylpentane (iso-octane) and acetic acid were purchased from Fluka (Steinheim, Germany). Commercial virgin olive oil was used in specific migration tests for PVC-ESBO samples in contact with fat food. Water was distilled and passed through a Milli-Q Water System (Millipore, Bedford, MA, USA) prior to use. Sodium methoxide (NaOMe) 0.150 M solution was prepared by dissolving 3.406 g metallic sodium in methanol. Figure 1 . This procedure was performed in triplicate and it was based on Castle et al. method (1988b) . Since the main goal of these modifications was to avoid the use of an IS, ESBO standards were prepared by weight. The three obtained stock solutions (65000 mg kg -1 ) were stored at -18 ºC. ESBO calibration standards for GC/MS analysis were prepared by appropriately dissolving each stock solution in n-hexane.
Unlike ESBO, other plasticizers such ATBC, DOA and DBS did not need previous derivatization for GC/MS analysis, due to their lower molar mass. A multi-standard plasticizer solution 1000 mg kg -1 in n-hexane was prepared for the migration study in commercial lids.
GC/MS Analysis
GC/MS analysis was carried out by using HP/Agilent Technologies 6890N (Palo Alto, CA, USA) gas chromatograph coupled to Agilent Technologies 5973N mass spectrometer operating in electronic impact (EI) ionization mode (70 eV). A DB-5MS capillary column (30 m x 0.25 mm I.D.
x 0.25 µm film thickness) (Teknokroma, Barcelona, Spain) and a split-splitless injector were used.
Helium was used as the carrier gas with 1 mL min -1 flow rate. Temperatures for injector and detector were 290 ºC and 300 ºC, respectively. For ESBO determination, the column temperature was programmed from 140 ºC (hold 2 min) to 300 ºC at 20 ºC min -1 heating rate (hold 10 min).
Samples (1 µL) were injected in the split mode (split ratio 1:40). Determination of derivatized epoxy fatty acids was performed by using selected ion monitoring (SIM) mode focused on m/z 309, by comparing chromatographic peak areas for migration extracts with those of standards in the same concentration range. Other ions used for identification were those with m/z 277, 367, 396, 465 and 494. For ATBC, DOA and DBS determination, the column temperature was programmed from 80ºC to 160 ºC at 30 ºC min -1 heating rate and from 160 ºC to 320 ºC at 15 ºC min -1 heating rate (hold 7 min). Samples (1 µL) were injected in the split mode (split ratio 1:25) and quantification of plasticizers was performed by using scan mode (50-550 m/z).
Specific migration study
PVC-ESBO samples
For the migration study, PVC samples with known amounts of ESBO were prepared at three different plasticizer concentrations (30, 40 and 50 wt%), since they are common in the preparation of plasticized PVC for food contact materials Ežerkis et al. 2007; Grob 2007; . PVC and ESBO were mixed in a planetary mixer KAPL 5KPM5 (St. Joseph, MI, USA) at 23 ± 2 ºC for 30 min. Plastisols were degassed using a vacuum chamber HEK-GmbH MCP (Lübeck, Germany) to remove air bubbles and further cured in an oven at 170 ºC during 8 min to obtain layers with thickness 0.34 ± 0.04 cm.
A general study for ESBO specific migration in olive oil and distilled water was carried out for all the prepared PVC-ESBO materials by application of the method developed in this work.
Olive oil and distilled water were selected since they cover most of the real applications of commercial lids and tests were performed in triplicate. 10 cm 2 samples were cut and placed in contact with 10.0 mL of olive oil and distilled water by total immersion at 40 ºC for 10 days, since these are the general conditions for food to be stored at room temperature for more than 24 hours contact time (CEN 2002; CEN 2004) . ESBO content in each food simulant was then analyzed by direct application of the method developed in this work. Distilled water extracts required prior evaporation to dryness in a rotary evaporator Multivapor BÜCHI P-6, (Flawil, Switzerland) for further testing. A blank test for each simulant was also performed. -13013, CEN 2004) and it has been common in recent research work (Tovar et al. 2005 , Kubwabo et al. 2009 ). A blank test for each simulant was also performed. Glass jars were closed with the lid and turned on its head during 10 days at 40 ºC, except in the case of those samples with iso-octane which were exposed to 2 days at 20 ºC according to the EN-13013. All liquids were subsequently evaporated to dryness in a rotary evaporator.
ESBO migration from gaskets was quantified by application of the developed method to dry samples before GC/MS analysis, while ATBC, DOA and DBS were determined by dilution in nhexane prior to the injection in the gas chromatograph.
Results and discussion
ESBO identification and quantification
ESBO mainly consists of some triglycerides, whose average composition in fatty acids is about 11% palmitic (16:0), 4% stearic (18:0), 23% epoxidized oleic (18:1E), 55% diepoxidized linoleic (18:2E), and 8% triepoxidized linolenic (18:3E) (EFSA 2004; Yang et al. 2008; Nor Hayati et al. 2009 ). ESBO identification was based in a single fatty acid, i.e.
derivatized diepoxidized linoleic acid (C18:2E), due to its high concentration in ESBO and no natural occurrence in food (Castle et al. 1988b; Berdeaux et al. 1999 ). The synthesis of 1,3- Castle et al. (1988a) enabled an increase in the molar mass of the epoxidized fatty acids resulting in later elution than for any other fatty acids present in ESBO or in food samples, permitting a clear identification and quantification. The use of the modified method proposed here preserved the same chromatographic behaviour for 1,3-dioxolanes (Figure 2 ).
Derivatized diepoxidized linoleic acid showed two chromatographic peaks (4 and 5 in Fig. 2 ), corresponding to two stereoisomers with a characteristic mass ratio based on m/z 277 and 309. The most abundant ion (m/z 309) was selected for quantification.
Validation of the developed method
A validation procedure for the method developed in the present work was carried out and the main parameters typically used to ensure reliable results for analytical methods were determined (EMEA 1996) .
Linearity, Detection and Quantification Limits (LOD and LOQ)
Three different stock solutions with a concentration near 65000 mg kg -1 were prepared separately. Five calibration standards with concentrations between 1.0 and 9.0 mg kg -1 were prepared from each stock solution to evaluate linearity and they were injected in triplicate. This range was selected because it was necessary to ensure linearity at low concentrations with a working range near LOD and LOQ. Regression parameters for the obtained calibration curves are indicated in Table 1 Table 2 . The high values obtained for RSD were attributed to the use of three different stock solutions prepared separately. In summary, LOD and LOQ were clearly lower than the ESBO migration limits and sensitive enough to assess the possibility of this method to be applied for ESBO specific migration tests even at low concentration levels.
Precision
In this validation study, precision was calculated in terms of intraday repeatability as RSD (%) of peak areas obtained from the three different standard series at three concentration levels (5.0, 7.0 and 9.0 mg kg -1 solution of ESBO) in triplicate. The same equipment was used and procedure over the whole analysis was followed by the same analyst to reduce human errors. Obtained results were lower than 5% in all cases, confirming an acceptable repeatability of this method when compared with 7% obtained by Castle et al (1988b) .
Accuracy
This parameter was evaluated by calculating the percent recovery of known spiked amounts of ESBO in olive oil near the legal migration limits. Four concentration levels (30, 60, 100 and 200 mg ESBO kg -1 olive oil) were used for such tests performed in triplicate. It should be mentioned that olive oil is a complex matrix because of its high content in unsaturated fatty acids. In order to quantify the ESBO concentration in the spiked samples, it was necessary to draw another Castle et al. (1988b) . Good recovery percentages and RSD values were obtained for all concentration levels, as shown in Table 3 . These results could be considered acceptable for the analysis of real samples and also similar to those obtained by Castle et al (1988b) , which ranged from 97% to 109% by spiking food samples with ESBO at the same concentration level (from 110
to 170 mg kg -1 ).
Working range
The method working range was evaluated from the two calibration curves prepared for validation at different concentration levels, as previously indicated. LOQ was taken as the lower limit for such range (3.6 mg kg -1 ESBO) while the highest concentration standard used in the accuracy evaluation was selected for the upper limit (126.0 mg kg -1 ESBO). It must be noticed that different values of the working range were obtained if expressed as mg kg -1 ESBO or mg kg -1 food.
Considering the second case as the most representative for comparison with legal limits, the working range for this method was 16-438 mg kg -1 food, including the ESBO migration legal limits indicated in the Introduction section. Therefore, this method could be considered completely valid to be used in ESBO migration studies.
Selectivity
Selectivity of this method was calculated by considering the synthesis reaction to form 1,3-dioxolane derivatives from epoxidized fatty acids. Results were essentially the same as those obtained by Castle et al (1988b) . Derivatized monoepoxidized oleic acid could not be used for such purpose since the specific ion m/z 367 is also observed by natural occurrence in food, making it Figure 3 . In consequence, the derivatized diepoxidized linoleic acid with specific m/z ratio 277/309 was used for this study.
Specific migration study
PVC-ESBO samples
Once the analytical method developed and validated in this work showed its reliability for ESBO determinations, it was used to evaluate the specific migration of ESBO in real conditions. In both cases a calibration curve was prepared with 14 standards ranging from 3.0 to 600 mg ESBO kg -1 solution in order to obtain a wide concentration range for quantification.
As shown in Figure 4 , intense chromatographic peaks corresponding to high migration values were obtained for PVC-ESBO samples in contact with olive oil (around 2100 mg ESBO kg -1 olive oil in the case of the 30% ESBO sample and even more intense peaks for higher concentrations).
These high migration results were attributed to the massive exchange of fatty acids from the plastic sample with ESBO and the food matrix (olive oil), due to their high similarity in molecular composition. Moreover, an inadequate short curing time or a high ESBO concentration in the PVC-ESBO materials could involve a lower interaction between both components. The olive oil blank sample yielded no detectable peaks for derivatized diepoxidized linoleic acid as it can be observed in Figure 4 . Therefore, it could be concluded that the studied PVC-ESBO formulations would not be suitable for packaging use in food with very high fat content.
A similar migration study performed in distilled water yielded no detectable values for ESBO.
Therefore, all the studied formulations could be suitable for aqueous food packaging, making ESBO a promising alternative for PVC formulations since their low toxicity compared to phthalates (Rhee et al. 2002) as well as their biodegradable nature (Choi and Park 2004; Liu et al. 2006; Behera and Banthia 2008; Bouchareb and Benaniba 2008; Liu and Erhan 2008) . 
Commercial gaskets
The evaluation of the suitability of the developed method for ESBO determination in real samples was carried out by selecting target food products packaged in glass jars. Nine different commercial lids were selected for the specific migration testing and an additional screening analysis of other plasticizers commonly used in gaskets was carried out in order to study the current compliance level of migration in food contact materials in the Spanish market. All tests were performed in triplicate. The obtained results (Table 4) revealed that the highest amounts of migrated plasticizers were found in alternative fat simulants, particularly in ethanol 95% (v/v). Some plasticizers were found in the three analyzed lids from fat food, and all of them migrated in amounts higher than the current legal migration limits. Two of them showed high levels of ESBO and, in the case of pate lid, even above the current transitional limit of 300 mg kg -1 (European Commission
2007; European Commission 2008)
. The third sample (pesto sauce) showed high levels of ATBC.
Some of the standard deviations obtained from triplicates were high although they could be considered acceptable for commercial samples. In the case of aqueous simulants, migration from lids was barely detected. In the case of baby fruit lids no detectable values were obtained for any sample, as it could be expected, because of the high hydrophobic character of common plasticizers.
Conclusions
A simpler, faster and more economical method for ESBO determination was developed and it was compared to the well-known one reported by Castle et al. (1988a.) The main difference between both methods consists of the elimination in the use of a costly internal standard giving added value to this development since it permits the determination of ESBO in plasticized PVC materials avoiding the use of tedious and expensive methods. The analytical validation of this method was carried out and gave indication on its reliability for application to food and materials in direct contact. Satisfactory results were obtained for precision and accuracy, with comparable or Stereoisomers of 1, 3-dioxolane of (C18:2E)Me. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
